This paper describes the influences of anisotropy found in the elastic modulus of monocrystalline silicon wafers on the measurement accuracy of the three-point-support inverting method which can measure the warp and thickness of thin large panels simultaneously. Deflection due to gravity depends on the crystal orientation relative to the positions of the three-point-supports. Thus the deviation of actual crystal orientation from the direction indicated by the notch fabricated on the wafer causes measurement errors. Numerical analysis of the deflection confirmed that the uncertainty of thickness measurement increases from 0.168µm to 0.524µm due to this measurement error. In addition, experimental results showed that the rotation of crystal orientation relative to the three-point-supports is effective for preventing wafer vibration excited by disturbance vibration because the resonance frequency of wafers can be changed. Thus, surface shape measurement accuracy was improved by preventing resonant vibration during measurement.
Introduction
Improved accuracy of machining and shape measurement of silicon wafers and glass substrates is increasingly sought to realize optimum design rules for the miniaturization of semiconductor devices. However, these substrates easily deform due to external forces such as clamping force, and are easily influenced by external disturbances such as ground vibration, movement of the measuring equipment used because of their large area and very thin thickness. Hence, the improvement of shape measurement accuracy is extremely difficult. In the measurement of semiconductor substrates shape, warp and thickness are the main measuring parameters. Thus, the authors (1) have proposed a highly accurate method to measure the warp of thin large panels using the three-point-support inverting method. With this method, the measured object is supported horizontally at three points and the surface shape deformed by gravity is measured. The warp shape of the measured object is obtained by cancelling the effects of gravity by subtracting the measurement results of the front surface shape from the back surface shape after inverting the measured object. Furthermore, the thickness of the measured object can also be obtained from the surface shapes, if the deflection due to gravity can be calculated correctly (2) . Here, the deflection due to gravity depends on the crystal orientation of the silicon wafer relative to the three-point-support positions because silicon wafers have anisotropic elastic modulus. However, the actual orientation is deviated from the direction indicated by the notch fabricated on the wafer to show the orientation. Thus, the accuracy of the calculated thickness is lower because of the error of the deflection due to gravity when the crystal orientation is misidentified. Moreover, since silicon wafers of 300mm in diameter are susceptible to vibrations, the influence of wafer vibration on the uncertainty of the surface shape measurement is not negligibly small (3) . In the three-point-support inverting method, the surface shape is measured with an interval of 5 to 10mm by scanning with an optical displacement sensor. However, it is not practical to slow down the scanning speed and calculate the average sensor output to eliminate the influence of vibration. Hence, this study aims to utilize the anisotropy of the elastic modulus of silicon wafers to prevent resonant vibration by rotating the direction of the three-point-support positions relative to the crystal orientation.
Three-point-support inverting method

Measurement principle
The three-point-support inverting method is a reversal method (4) based on the concept of self-compensation of the geometric error of the measurement equipment. Figure 1 shows the schematic of the principle and Fig.2 shows the relationship between the three-point-supports and crystal orientation of the silicon wafer. With this method, the back surface of the measured object is supported at three points which are positioned every 120deg on a circle concentric with the center of the wafer. The front surface shape ( ) y x f , superposed with the deformation due to gravity is measured when the front surface is faced up. The datum plane is the plane including the tops of three point supports. Here, ( ) y x w , and
show the shape of warp and deformation due to gravity of the wafer,respectively. Warp is defined as the shape of the medium surface which is equidistant from the front and back surface of unclamped wafer (5) . The shape of the medium surface shown by the chain line in Fig.1 
Here, ( )
indicates the plane which linearly interpolates the points on the front surface at the three support points. Therefore, the fourth term is a correction term for the inclination of the wafer from the datum plane due to the difference in the thickness at the three support points. After measuring the front surface, the measured object is inverted around the y-axis and the back surface shape is measured in a similar way. When the measured object is inverted, the deflection due to gravity occurs consistently in the direction of gravity, whereas the warp shape is inverted. Considering that the sign of x-coordinates is reversed, the back surface shape ( )
of the measured object is expressed by ( ) Then, from Eq. (1) and (2), the warp shape and thickness distribution can be obtained by
respectively. Equation (3) is modified using the relaxation coefficient 0.5 as follows,
In the next iteration, Figure 4 shows the schematic of the three-point-support inverting method. The measured object is supported by three ball supports to maintain stable balance. These supports are positioned every 120deg on a circle whose center coincides with the center of the measured object. Balls of 10mm in diameter were used as the supports to minimize the contact area between the measured object and support. The measurement repeatability is very high because no external force is acting on the measured object except for gravity and negligibly small friction forces between the measured object and supports. The ultra-precision surface shape measurement system was used for the measurement. This equipment can scan a triangulation type sensor in the x-direction within a range of 300mm and feed the table in the y-direction within 300 mm. Both the data sampling interval in the x-direction and the feed pitch of the table in the y-direction were 5mm. The measuring time for the surface shape of a silicon wafer of 300mm in diameter was approximately 15 minutes, at the scanning speed of 30mm/s. A triangulation type optical displacement sensor was used due to its high response and non-contact measuring ability.
Measurement method
Numerical analysis of deflection due to gravity of silicon wafer
The finite element program ABAQUS was used for the numerical analysis of the deflection due to gravity ( ) y x g , . A wafer of 300mm in diameter was modeled using triangular shell elements of 5mm in edge length with a variable thickness defined at each node. Displacements in the z-direction at the support points and horizontal displacement at (6) . Figure 5 shows an example of the numerical analysis results of ( ) y x g , , when the wafer has a uniform thickness of 775µm and the supports are distanced from the center by 100mm.
Influence of elastic anisotropy on deflection due to gravity
Influence of crystal orientation relative to three-point-support positions
In a previous study (7) , the authors found that the P-V value of the deflection due to gravity decreased from 120µm to 40µm when the distance from the center of the wafer to the supports was decreased from 150mm to 100mm. Decreasing the deflection due to gravity is effective for lowering the required dynamic range of the measurement sensor, which increases the measurement resolution, improving the measurement accuracy of warp and thickness as a result. Here, given that the deflection due to gravity can be decreased by changing the crystal orientation relative to the positions of the three-point-support due to the anisotropy of the elastic modulus of silicon wafers, the influence of rotation of the crystal orientation on the deflection due to gravity was investigated by numerical analysis. Considering the symmetry in the crystal orientation and support positions, the maximum 
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rotation angle of 30 degree was sufficient to show the periodicity of the influence. It was assumed that the thickness of the wafer was uniform at 775µm and the distance from the center of the wafer to supports was 100mm. Figure 6 shows the relationship between the rotation angle of the crystal orientation and the P-V value of the deflection due to gravity. As shown in Fig.2 , the rotation angle was defined 0deg when the notch was on the y-axis. It was found that the change in the P-V value of the deflection due to gravity was approximately 2µm, which is no greater than 5% of the deflection, indicating that the effects of rotating the crystal orientation on the dynamic range are insignificant.
Influence of rotational misalignment of crystal orientation due to notch position error
The notch chiseled on the wafer indicates the orientation [110] in general. However, the nominal crystal orientation is different from the actual one due to the machining error of the notch. The catalogue of a wafer maker (8) shows that the accuracy of the orientation [110] shown by the notch is ±1deg. Since the numerical analysis of the deflection due to gravity shown in Section 2.3 uses the nominal crystal orientation, errors are caused by the rotational misalignment in the analysis results. Although this error does not influence the measurement of the warp, it will deteriorate the accuracy of thickness measurement because ( )
in Eq. (4) is affected by the error. Hence, the influence of the rotation of the crystal orientation of the wafer surface on the deflection due to gravity was investigated. The change in the P-V value calculated was 0.248µm when the orientation [110] was rotated by 1deg around the z-axis from the initial orientation shown in Fig.2 . From Eq.(4), the standard uncertainty in ( )
u is a combined standard uncertainty which is the square root of the square sum of the standard uncertainty components (9) as expressed by,
Here, f u and b u indicate uncertainties of ( ) is obtained from the wafer thickness at the support points, it is not influenced by wafer vibration errors but by the errors caused by the measurement system and sensor. In a previous study, the authors found the uncertainty caused by the measurement system and sensor to be 0.082µm (3) . Thus, the combined standard uncertainty in ( ) 
Uncertainty in ( )
increases by about three times (0.524/0.168) owing to the rotation of the crystal orientation on the wafer surface by 1deg. Thus, the uncertainty of the crystal orientation indicated by the notch was found to be significant in thickness measurement.
Influence of parallelism between crystal plane and wafer surface
For the wafer used in the experiment, the wafer surface was nominally parallel to (100) surfaces. However, the actual (100) surface is considered to be tilted relative to the wafer surface due to the error caused by the wafer slicing process. Thus, the change in the P-V value of ( ) y x g , was calculated when the actual (100) surface was assumed to be tilted by 5deg around the orientation [110] , which is parallel to the y-axis. The change in the P-V value was 0.035µm. Thus, the combined standard uncertainty can be obtained from the following equation. Since the difference from Eq. (8) is insignificant, it was found that the influence of parallelism between the crystal plane and wafer surface on the uncertainty of the thickness measurement can be ignored.
Influence of elastic anisotropy on vibration of silicon wafer
Thin large panels tend to vibrate easily, excited by the motion of the measurement system and ground vibration, resulting in reduced accuracy of surface shape measurement. Given the anisotropic elastic modulus of silicon wafers, the resonance frequency of the wafer is considered to vary according to the crystal orientation relative to the three-point-support positions. Thus, a method to suppress the resonant vibration of the wafer by changing the crystal orientation was investigated experimentally.
Influence of crystal orientation relative to three-point-support positions on resonance frequency
The change in the resonance frequency of wafer vibration with the rotation of the crystal orientation relative to the positions of three-point-support was investigated. Figure 7 shows the schematic of the experimental method. The support on the y-axis in Fig.2 was vibrated in the direction normal to the wafer surface using a piezoelectric device. The waveform of the vibration generated by the function generator was a sine wave. The oscillation amplitude of the wafer surface at the excitation point was about 0.5µm and measured using an optical sensor. The gain of the excited vibration was defined as the ratio of the oscillation amplitude at the measured point to that at the excitation point. The measured point was located at (x, y) = (105, -105) where the amplitude was relatively large in the wafer. The rotation angle of the crystal orientation was defined as 0deg when the notch was located on the y-axis as shown in Fig.2 . The wafer was rotated around the z-axis to 75deg with an incremental step of 15deg. At each orientation, the resonance frequency was measured while increasing the excitation frequency from 0Hz to 500Hz. Figure 8 shows the measurement results, and Figure 9 shows the details from 200Hz to 300Hz. The resonance frequencies were found to change with the rotation of the crystal orientation relative to the three-point-support positions, suggesting that the resonance vibration excited by the disturbance can be suppressed by rotating the wafer around the z-axis. The resonance frequency can also be changed by varying the distance from the center of the wafer to the supports or the angle between the supports which are set at symmetrical positions about the y-axis. With these methods however, it is necessary to construct the measurement jig used to locate the ball supports for each measurement. It is impractical to construct the jig for each disturbance because the frequency of disturbance is variable depending on the environment. Moreover, since the change in the deflection due to gravity by rotating the crystal 
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Vol. 4, No. 5, 2010 orientation is small compared to that in other methods of changing the support positions, the measurement resolution does not deteriorate. For this reason, the method of rotating the crystal orientation relative to three-point-support positions is considered useful for suppressing the resonance vibration of the wafer.
Suppression of resonance vibration caused by measurement system
Based on the results of previous experiments, suppression of the resonance vibration was demonstrated using the surface shape measurement system. First, frequencies of wafer vibration excited by the motion of the measurement system were measured. Using the same scanning path that was used in the wafer shape measurement, the optical sensor was reciprocated in the x-axis direction. When the optical sensor reached the end of stroke, the table was driven stepwise in the y-axis direction. Then the surface of the gauge block fixed on the table was measured in the middle of the stroke. Figure 10 shows the result of the fast Fourier transformation of the table vibration measured. Next, a silicon wafer was put on the table as shown in Fig.2 , and the wafer vibration was measured at (x, y) = (0, 0) while driving the measurement system using the same scanning path. Figure 11 shows the results of the fast Fourier transformation when the wafer rotation angle was 0, 15, and 30deg around the z-axis. Figure 12 shows the wafer vibration measured when the rotation angle was 0deg. The vibration frequency was found to be 137Hz at 0deg and 15deg, but not at 30deg. These results demonstrate that the resonance of the wafer excited by the motion of the measurement system can be suppressed by rotating the crystal orientation relative to the three-point-support positions. In a previous study (3) , the authors found that the uncertainty 
Therefore, further improvement of the measurement accuracy of the surface shape measurement can be achieved by suppressing wafer vibration.
Conclusions
Effects of the elastic anisotropy of silicon wafers on shape measurement accuracy of the three-point-support inverting method were investigated. The deflection of silicon wafers due to gravity depends on the crystal orientation relative to three-point-support positions because silicon wafers have an anisotropic elastic modulus. Change in the P-V value of the deflection with the rotation of the crystal orientation in the wafer surface was 2µm, no greater than 5% of the deflection. However, uncertainty in thickness measurement increases by three times when the crystal orientation is rotated in the wafer surface by 1deg. Thus, the positional error of the notch which shows the crystal orientation has a significant effect on the accuracy of thickness measurement. On the other hand, the influence of parallelism between the crystal plane and wafer surface on the uncertainty of thickness measurement can be ignored. It was also found that the resonance vibration of wafers caused by disturbance vibration can be suppressed by changing the resonance frequency of the wafer by rotating the crystal orientation relative to the three-point-support positions. Thus surface shape measurement accuracy can be improved by suppressing wafer vibration.
